Abstract High ash coals from India and Turkey are investigated in this study. A coupled thermogravimetric analyzer and mass spectrometer system is used for the thermal decomposition characterization of the coal samples and the identification of the volatiles evolved during the various reaction regions. Coal samples are heated in argon, air, oxygen, steam and blended gas mixtures at the temperature range from 25 to 1250°C. The experiments are performed to study the pyrolysis, combustion and gasification characteristics of typical Indian and Turkish high ash coals. Thermogravimetry and derivative thermogravimetry studies are applied to measure the conversion level and half-life time of the coals/chars during and after pyrolysis. The maximum mass loss occurs during the devolatilization stage of coals at the temperatures from 350 to 700°C, where O 2 , CO 2 , CO, H 2 and a small amount of CH 4 are released. Coal particles start to react with steam and produce CO 2 , CO and H 2 when the temperature is increased above 750°C. The gasification reactions are completed around 950°C in steam and steam blended ambience. The reactivity of high ash coal chars mainly depends on reagents' and surrounding gases concentration and also the reaction temperature. The results indicate that the size effect of the char particles is minimal at high gasification temperatures. Char gasification rates determined by TG techniques under isothermal conditions in different reagent flow rates and size effect contribute to enhance the knowledge on high ash coal thermal characterization and gasification and, therefore, to establish the optimum operational conditions for syngas production from high ash coals.
Introduction
Coal gasification is considered as an effective approach toward the clean use of coal, especially for electricity production [1] . In addition, coal gasification also plays an increasingly important role in the production of liquid fuels and chemicals [2] . Coal is the fastest growing energy resource in the world with 826 billion tons of proven reserves [3] and also is expected to last for up to 200 years compared to about 65 and 40 years for natural gas and crude oil, respectively [4] . However, the increase in coal utilization results in growing environmental concerns due to greenhouse gas (GHG) emissions. Carbon dioxide is the major greenhouse gas, and its emissions from coal-fired power plants are very high, accounting for 40 % of total global emissions [5] . The greenhouse gas emissions from fossil fuel-fired power generation can be reduced by achieving efficiency improvements, switching to lower carbon fuels and CO 2 capture and storage (CCS) [6] .
Due to the heterogeneous nature of coal and the large variety of coal conversion technologies available, it is essential to estimate coal reactivity under specified reaction conditions. Pyrolysis, gasification and combustion characteristics of a fuel used in energy production can be determined using thermo-analytical techniques such as thermogravimetry (TG), derivative thermogravimetry (DTG), differential thermal analysis (DTA), differential scanning calorimetry (DSC) and thermomechanical analysis (TMA). Thermogravimetric analysis is a method to evaluate the reactivity of materials and can be operated under isothermal and non-isothermal conditions. This technique is also employed in coal research particularly to determine the rate of mass loss either in an oxidant or in an inert atmosphere under dynamic heating conditions [7] [8] [9] [10] . Saikia et al. [11] investigated the thermal characterization of two coal samples from India using XRD, FT-IR and TG analyses. They observed that dehydration occurs at lowtemperature region from 80 to 110°C and the maximum loss of volatile materials occurs due to primary and secondary volatilizations mainly in the 300-570°C region. TG technique has also been coupled with other analytical techniques to provide information on the chemical features of the processes [12, 13] .
Kök [14] reported differential scanning calorimetry and thermogravimetry (TG/DTG) analyses for the pyrolysis and combustion of 17 Turkish coal samples. Reaction intervals, peak and burnout temperatures of the coal samples were determined. Kök [15] also investigated the heating rate effect on coal combustion. Varol et al. [16] investigated the combustion and co-combustion characteristics of three biomass fuels and three Turkish lignite coals using a thermogravimetric analyzer. They observed that the increase in volatile matter content of the coal decreases the ignition temperature and increases the reactivity and that the maximum combustion rate is shifted to lower temperatures. Also, the maximum mass loss occurs at lower temperatures for more reactive coals. The use of non-isothermal pyrolysis with associated evolved gas analysis provides a qualitative explanation of the pyrolysis behavior of coal [17] . Pyrolysis is an important intermediate stage of all major coal conversion processes, such as combustion, gasification, carbonization and liquefaction. It is also a simple and effective method to remove sulfur from coal [18] [19] [20] [21] [22] .
Arenillas et al. [23] performed the optimization of TG-MS coupling and developed a normalization procedure allowing a semiquantitative comparison between pyrolysis gases from various rank coals. Nali et al. [12] performed gas chromatography and mass spectrometry studies for the pyrolysis of various Polish and US lignites. Seo et al. [24] studied coal pyrolysis using thermo-gravimetric analysis (TG) and concentration measurements of the evolved species for Chinese coals under non-isothermal conditions at various heating rates. Hou et al. [25] reported the gasification reactivity of the Hailar lignite and the catalytic effects of the present ash using thermogravimetric analysis under N 2 /CO 2 ambience. Fan et al. [26] studied the gasification reactivity of coal chars with steam and CO 2 at medium temperature ranges using thermogravimetric analysis. Everson et al. [27] investigated high inertinite coals using equilibrium concentrations of reagents during mixed gas experiments. Guizani et al. [28] investigated biomass gasification at similar conditions and also varied the reagent concentrations from 10 to 30 %. Several researchers [27] [28] [29] [30] [31] reported the temperature dependence of gasification reactivity. Kajitani et al. [32] reported the gasification rate of coal chars with different particle size distributions in a high-temperature zone. Jayaraman and Gökalp [33] [34] [35] investigated the size effects of Indian and Turkish coal and char particles during pyrolysis and gasification using coupled thermogravimetric and mass spectrum analysis.
High ash coals have been widely used for power and industrial steam generation in India and Turkey. Such coals are likely to remain a key energy source for these countries for several decades as they possess significant amounts of this domestic energy resource and also a large installed capacity for coal-based electricity production. With gasification, power generation efficiencies can be improved from 35 % for coal combustion to between 45 and 55 % [36] . The emissions of CO 2 into the atmosphere can also be reduced or more easily captured. Furthermore, Campoy et al. [37] demonstrated that the appropriate combination of temperature and steam leads to higher CO and H 2 yields, heating value, carbon conversion and gasification efficiency. The gasification optimization of high ash coals needs systematic identification and analysis of the formation and evolution of H 2 , CO and CO 2 during the conversion processes. Also, it is necessary to understand the pyrolysis mechanisms in order to increase the conversion rate of coal into gases, especially to increase the H 2 content. This paper investigates the thermochemical reactions during the pyrolysis of coal and during coal and char combustion and gasification processes as a continuation of the work presented in [33] [34] [35] .
Experimental
A NETZSCH STA 429 thermal analyzer combined with a quadrupole QMG 511 mass spectrometer and steam generator is used in this study to perform investigations on coal conversion in various atmospheres with the flow rates of 6 g h -1 of steam, 2 mL min -1 of air, 2 mL min -1 for the gasification process and for the combustion process with 50 mL min -1 of oxygen and 20 mL min -1 of argon. The experimental details are presented in detail elsewhere [33, 38, 39] . During the experiments, about 15 mg of coal sample is placed in a ceramic crucible and heated up to 1150°C with the heating rate of 35°C min -1 . In some experiments, isothermal conditions are maintained from 850 to 1000°C with steps of 50°C. Turkish coal is from the Tunçbilek region, whereas the Indian coal is from Bilaspur. Three particle sizes are used in isothermal gasification experiments, namely 60, 800 lm and 3 mm. Mass spectrometric analysis is used to detect the gas evolution during the thermochemical reactions. The excitation energy in the mass spectrometer is 1100 eV. The TG-MS experiments were carried out in a dynamic gas atmosphere. The output of the TG system is connected to the mass spectrometer through a heated line. The balance adapter, the transfer line and the MS gas cell are maintained at 250°C, thus avoiding the condensation of the less volatile compounds. Steam generator and steam transfer line are maintained at 180 and 150°C, respectively. The low volumes in the thermobalance microfurnace, transfer line and the gas measurement cell permit low carrier gas flow rates to be used and allow good detection of the gases evolved during the pyrolysis, combustion and gasification processes. The accuracy of TG experiments is within acceptable limits. Online gas analyses were performed for the detection of the gases fed to mass spectrometer, and experimental data are stored as a function of time. The ultimate and proximate analyses of the Indian and Turkish coal are given in Table 1 .
TG experimental results obtained as mass loss versus time data are converted to conversion degree (X) versus time profiles (on ash-free basis) as
where m is the mass of the sample at time t, m 0 is the initial mass, and m ash is the remaining mass corresponding to the ash content of the sample. The apparent reaction rate is calculated as a differential of the conversion degree versus time, denoted as dX dt . The half-life time t 0.5 indicating the time needed for 50 % conversion of carbon in chars [24] is used as a reactivity index in this work to characterize the gasification reactivity of coal chars for quantitative comparisons.
Results and discussion

Thermal decomposition
The experiments are carried out in argon and steam ambiences to evaluate the thermal decomposition of the coal. The TG-DTG curves of the Turkish and Indian coals indicate that pyrolysis of coals mainly occurs in the temperature range from 300 to 750°C, presented in Figs. 1, 4 and Table 2 . The evolution of gaseous species as a result of decomposition of the coal sample is simultaneously monitored by mass spectrometry during thermogravimetric experiments. The mass spectra of the gases evolved during pyrolysis and gasification are illustrated in Figs. 2 and 3 for the Turkish coal, respectively. Figure 5a , b shows the mass spectra of the evolved gases in argon and water vapor ambiences, respectively, for the Indian coal. The spectra are detected for increasing temperatures so at increasing times. As can be seen from Figs. 1 and 3, some mass loss is noticed for Turkish coal for temperatures below 300°C due to the elimination of the moisture which is higher for the Turkish coal (see Table 1 ).
As presented in the Figs. 1 and 4, steam decomposition and coal gasification commence from 800°C. The pyrolysis characteristics of the coals are the same when the coal is heated until 800°C either in argon or in steam ambience, which was also reported by Hou et al. [25] . At temperatures below 350-400°C, different processes take place prior to primary pyrolysis, i.e., disruption of hydrogen bonds, vaporization and transport of the non-covalently bonded molecular phase [40] . The second peak, where the essential mass loss occurs in the range of 350-700°C, is related to primary devolatilization, during which carbon, hydrogen and oxygen containing species are released (Figs. 2, 4) . At 350°C, the primary carbonization starts with the release of carbon dioxide and hydrogen. Subsequently, with increasing temperature, methane and other lower aliphatics are Thermogravimetric and evolved gas analyses of high ash Indian and Turkish coal pyrolysis and… 921 evolved together with hydrogen, carbon monoxide and alkyl aromatics [11] . When comparing the DTG curves of Turkish and Indian coal decomposition, the rate of devolatilization is observed to decrease (Figs. 1, 4) for the Turkish coal with higher ash and moisture content. This rapid devolatilization process is essentially completed at 550°C. Secondary devolatilization of coal, occurring in the 600-900°C ranges, produces CO, CO 2 , H 2 O, H 2 and CH 4 as the major products. The maxima in the DTG curves correspond to the maximum gas release (Figs. 1, 2, 3, 4) . H 2 peaks are detected during thermal decomposition at the temperature range of 500-750°C. It can be seen in Figs. 2 and 5a that the formation of CH 4 starts at temperatures higher than 450°C. Also, it can be noted that higher volatile matter content coals produce more CH 4 during pyrolysis processes. In the case of high ash coals, CO 2 is formed from aliphatic and aromatic carboxyl and carboxylate groups at low temperatures.
Combustion tests
Combustion tests of the high ash coals are carried out in oxygen-enriched (75 % O 2 and 25 % argon) ambient conditions. Figure 6 shows the temporal mass losses and DTG curves for Turkish and Indian coals under those conditions. The characteristic temperatures and parameters such as T ig (ignition temperature), T pmax (the temperature corresponding to the peak of the derivative thermogravimetric-DTG curve), T b (burn out temperature) and |(dm/ dt) 2max | are investigated to explore the ignition and combustion behavior of the coal samples. In the case of Turkish coal, a small amount of mass loss is observed at 120°C due to its moisture content. Coal reactivity is primarily assessed based on the peak temperature T pmax [41] . Higher values of this temperature indicate less reactive coals, meaning that coals with larger mass loss rates observed at lower temperatures are easier to ignite and burn. TG profiles extending into high-temperature ranges indicate slow burning coals, for which longer combustion times are required for complete combustion. The burn out temperature of the Turkish coal is around 675°C and around 875°C for the Indian coal. For both coals, the mass loss starts above 320°C, and the combustion process starts around 400°C which is slightly higher than the reported values of Wang et al. [41] for high ash coals. Devolatilization is followed by the fixed carbon combustion which takes place in a continuous manner with a single peak for Turkish coal, whereas the Indian coal demonstrates longer duration for combustion and shows some plateau region in the final stage.
Coal gasification
The gasification process is exceedingly complex, and many competing processes contribute to its features. In this Electron volt/gas release study, the coal sample is subjected to a dynamic heating rate of 40°C min -1 until 1150°C in the presence of steam and in steam blended air/oxygen ambience (Fig. 7) . The mass loss versus time curves show two sequential zones as the coal is exposed to the heating environment. The first zone of mass loss for temperatures below 700°C and conversion up to 20 % is the pyrolysis stage, whose characteristics are not affected by the presence of argon or steam environment. The residual mass of the samples in water vapor ambience infers that the complete gasification of the coal samples occurs at 950°C as observed when Figs. 6 and 9 are compared. Table 2 compares the temperature regions of pyrolysis and steam gasification for both coals.
Maxima in the intensities of the gas evolution are always accompanied by maxima in the mass loss as observed when Figs. 7-9 are compared. The major gases evolved from coal gasification are CO, H 2 , CH 4 and CO 2 as shown in Fig. 8a, b .
Effect of reagent flow rates during isothermal gasification
The reagent flow rate has a marked influence on the gasification reactivity of the fuel char. The gasification 95  90  85  80  75  70  65  60  55  50  45  100  300  500  700  900 Temperature/°C experiments are performed under isothermal conditions at 850, 900 and 950°C. The gasification rate of 3 mm Turkish coal particles under isothermal conditions is examined as illustrated in Fig. 10 . In these experiments, the coal particles are pyrolyzed in argon atmosphere with the flow rate of 40 mL min -1 . After reaching the prescribed temperature, the isothermal gasification reaction of the char samples is initiated by switching on to the air/ O 2 stream with the required flow rate. The char sample is then allowed to react until the stabilization of mass loss. For the air flow rates of 40 and 20 mL min -1 , the corresponding partial pressures of oxygen are 0.12 and 0.08, whereas in the oxygen flow rate of 10 mL min -1 , the partial pressure of oxygen is 0.2. Figure 10 shows that increasing the gasification reagent flow rate increases the conversion level and the conversion level is higher with 40 mL min -1 of air when compared to the O 2 flow rate of 10 mL min -1 , with higher oxygen partial pressure in this last case. Figure 11 shows that the half-life of gasification decreases as the gasification temperature increases and that the flow rate of the gasification reagent has a dominant effect. It can be concluded that the reactivity of high ash coal chars mainly depends on reagents' and surrounding gases concentrations and also the reaction temperature. Similar results have also been observed by other researchers [28, 29, 31, 32] . Figure 12 shows the formation of evolved gases for the oxygen concentration of 20 % under isothermal conditions.
Effect of particle sizes during isothermal gasification
The effect of particle size on char conversion level is shown in Fig. 13 . In the initial stage of gasification, the conversion rates are almost identical, but as time proceeds, gasification rate differences are observed for different particle sizes. It can be seen that 60 lm particles reach about 80 % conversion level within 10 min, whereas 800 lm particles take 7 min and 3 mm particles more than 10 min to reach the same conversion level. Since smaller particles exhibit higher gasification rates, the diffusion restrictions and heat transfer limitations cannot be neglected for this type of high ash coal. As also mentioned in [32] , with decreasing char particle size, the TG curves shift to the lower temperature zone and gasification time is shortened. This is due to the fact that smaller coal particles have more specific area than the larger ones and facilitate the ignition and reaction of char particles. Figure 14 shows that the half-life time of conversion of small char particles decreases consistently as gasification temperature increases. On the other hand, the 800 lm and 3 mm particles gasification rate is quite significantly high for the gasification temperature of 900°C. These results indicate that the size effect of the char particles is lower at higher gasification temperatures for the experimental conditions explored here.
Conclusions
The pyrolysis, combustion and gasification behaviors of high ash Turkish and Indian coals are investigated by the coupled TG-MS method. The results indicate that the ignition temperature and the temperature of maximum mass loss rate are identical for both coals, but the burn out temperature of Indian coal is higher. During thermal decomposition and devolatilization of the coal, CO, CO 2 , H 2 and CH 4 are the major gaseous products. The gasification process of the coal starts around 700°C for blended mixtures of steam, air and oxygen. The complete burn out of both coal samples occurs at 950°C which indicates the optimum gasification temperature for higher carbon conversion rate and cold gas efficiency for high ash coals.
The conversion half-life time of the chars decreases as the gasification temperature increases and the effect of gasification temperature on t 0.5 is quite significant above the gasification temperature of 900°C under high oxygen flow rates. It can be concluded that the reactivity of high ash coal chars mainly depends on reagents' and surrounding gases concentration and the reaction temperature. These results also indicate that the size effect of char particles is minimal at higher gasification temperatures, for the temperature and coal/char sizes tested. Hence, the results of the paper indicate that the combined effects of char size and gasification temperature control the gasification reactivity of high ash coals.
